An alternative method of evaluating chemical rate constants from NMR measurements is proposed. The integral over the NMR power spectrum depends on the life times of reacting species in contrast to the integral over the conventional phase sensitive NMR spectrum. Using this effect the range of measurable rates can be increased by about two orders of magnitude as compared to those obtained with the line shape method.
Introduction
The influence of chemical exchange on the line shape of spectra is not restricted to NMR and EPR spectroscopy. It has also been used to determine chemical rates of very fast reactions from line broadening with Raman-or infrared spectra. The evaluation of these spectra was performed in analogy to the equations developed for NMR spectroscopy. The increase of the line width in vibration spectroscopy is thus correctly obtained. However, a difference between NMR (or EPR) and vibration spectroscopy remains: While in magnetic spectroscopies the integrals over the resonance lines depend neither on the relaxation times T 2 nor on fast chemical exchange, the corresponding integrals in vibrational spectroscopies decrease with fast chemical exchange [1] . The physical reason is that in NMR spectroscopy the signal is proportional to the real component of the complex magnetization G, whereas in vibration spectroscopy the signal is proportional to EE * , the norm of the complex electric field E. The power spectrum in NMR spectroscopy is proportional to GG * , therefore the integral over the NMR power spectrum depends on fast chemical exchange in analogy to vibrational spectra.
Theory
Powerful methods for the evaluation of chemical rate constants using NMR techniques have been developed and optimised even for complicated chemical systems [2] . The present method will be of particular advantage with weakly kinetically broadened NMR spectra when established techniques are most sensitive towards experimental error.
For the most simple reaction of the type
the complex magnetization is proportional to G [3] with:
where
p A and p B are the proton fractions, τ A and τ B the life times, and T 2A and T 2B the relaxation times of A and B. ν is the frequency and ν k the resonance frequency of species k (k = A or B). From Eq. (2) the normal phase sensitive NMR spectrum (index n) S n (ν) of system (1) is given by:
K n is a constant independent of the kinetics and c = c A + c B is the total concentration. The corresponding power spectrum (index p) S p (ν) for reaction (1) with G * , the conjugate complex of G, is:
I n the measured integral of S n (ν) over ν is
I n is independent of reaction times τ k , relaxation times T 2k and the chemical shift. However, the corresponding integral I p over S p (ν) does depend on these parameters:
The evaluation of rate constants using the integral method is superior to the line width technique for rather fast or rather slow reactions where changes in line width due to chemical reactions are comparable to or even smaller than changes of line widths, which are due to inhomogeneous magnets. An experimental example will be discussed in Sect. 4.2.
For kinetically decoupled slow exchange (τ → ∞) I pk is given by:
The integration is extended either over the resonance of A (k = A) or over B (k = B). For extreme fast exchange (τ → 0) I p is given by:
To evaluate the kinetics of reaction (1) the integral I p and I τ→∞ pk or, for fast exchange, I τ→0 p are measured. This is achieved by adding to the probe a reference substance with a single NMR resonance line not subject to chemical exchange. (Also a non-exchanging line of the molecule under investigation or a capillary filled with the reference substance inserted into the sample as an external reference may serve this purpose). Then one obtains for slow exchange (with index k = A or B):
and for fast exchange:
The terms in brackets take care of different concentrations of the exchanging protons and of not exchanging protons of the reference. The relaxation times T 2 and the proton fractions p k are available from independent measurements.
Let the kinetic damping factor F be defined as the ratio of the measured kinetically decreased integral I p of the power spectrum and that obtained for the kinetically decoupled integrals (8) or (9) . F is then for slow reactions:
For fast reactions F is given by:
In Table 1 calculated data for F as a function of τ and the corresponding increase of the line widths due to chemical exchange ∆ν 
The line shape method
For slow reactions two Lorentzian curves separated by the chemical shift are observed whose line widths ∆ν 1/2 are given by (k = A or B) [3] :
∆ν inh 1/2 is the increase of the line width due to inhomogeneous magnets [see appendix A, Eq. (A3)]. It may be reduced considerably by deconvolution using an internal reference signal [4] . With less than ±1% error equation (15) is valid if
With short life times only one Lorentzian line is observed and the half line width ∆ν 1/2 is:
with
Equation (16a) may be used with less than 1% error if
Equations (15)- (16b) are valid for the normal and for the power NMR spectrum.
The integral method
The half line width of power spectra with chemical exchange is calculated to be (see Appendix A):
Equation (17) is valid for fast and for slow exchange. Restrictions (15a) and (16b) apply also to Eq. (17). For slow reactions τ k is conveniently evaluated by (see also [5] ):
For the evaluation of fast reactions τ A is obtained by:
The correct use of Eq. (19) presupposes the applicability of Eqs. (16)-(16b).
The determination of T 2 from integrated spectra
An additional application of integrated NMR spectra is the measurement of the true relaxation time T 2 using inhomogeneous magnets in systems without chemical exchange.
If a substance with a single line spectrum and a precisely known T 2 is available it may be added to the probe and serve as a reference.
From Eqs. (11) and (12) the true relaxation time T 2 is obtained:
The evaluation of T 2 with the integral method [Eq. (20)] may be advantageous compared with the competing spin echo methods [6] , (especially with low concentration samples and with multiline spectra).
Experimental
All measurements were performed using a 600 MHz Bruker NMR spectrometer. The solutions were free of oxygen. Two examples using the proposed integration method will be presented. The first one is the exchange of water molecules with the gem OH groups in chloral hydrate. This reaction displays a strong kinetic damping coefficient: (F = 0.0141).
As a second example the interaction of acetate ions in D 2 O as solvent with the two Lewis acids D 3 O + and CH 3 COOD was investigated at three temperatures. This system with a kinetic damping coefficient F near unity (F ≈ 0.95) demonstrates the advantage of the integral method as compared with the line shape technique.
The hydration kinetics of chloral hydrate
The measurements were performed with two solutions, one using a 5 mol%, the other a 10 mol% solution of chloral hydrate in H 2 O containing (5 or 10 mol%) D 2 O for lock in, both at 25
• C and pH = 3.0. The aldehyde proton of chloral hydrate served as an intramolecular reference. Figure 1 displays a spectrum in a 10 mol% chloral hydrate solution.
The results are listed in Table 2 . Earlier measurements in a 60 MHz spectrometer [7] with 5 mol% Cl 3 CCH(OH) 2 using the Luz Meiboom method [8] Although the present measurements do not provide new kinetic results they show that the amplitude of the power spectrum is strongly reduced by the proton exchange reaction in reaction (21). (22) Only the integral method is suitable for the kinetic investigation of reactions (22), since the increase of the line width due to chemical exchange is smaller than 0.02 Hz whereas the kinetic damping factor F is near 0.95. Dioxane was chosen as reference.
The kinetics of reactions

The proton relaxation times T 2 of CH 3 COOD and CH 3 COO
− Reactions (22) are too fast for kinetic NMR measurements at pH < 2 using either the line width or the integral method since the proton fraction of CH 3 COO − is nearly zero. The corresponding is true at high pH with negligible concentration of CH 3 COOD. The concentrations of CH 3 COO − and of CH 3 COOD in both probes were 20 mM. The concentration of dioxane protons was similar to those of CH 3 COO − or of CH 3 COOD. The measurements with the spin echo method were performed according to Hahn [6] using ten echoes. T The precision of the spin echo data for T 2 is worse than that obtained with the integral method. T 2 increases monotonously with temperature. This is observed for T 2 (dioxane) but not for T 2 (CH 3 COO − ) and T 2 (CH 3 COOD). For CH 3 COO − in H 2 O at 20
• C T 2 = 3.4 s has been reported [9] . Therefore the T 2 data obtained from Eq. (20) 
Deuteron transfer in an acetate buffer in D 2 O
In a D 2 O solution containing CH 3 COOD and CH 3 COOK in equal concentrations (20 mM) the normal and the power spectrum of the methyl groups were measured. The chemical shift between the methyl protons of acetate and acetic acid was determined using dioxane as internal reference. The damping factor F is about 0.95; that is we are near the limit of the proposed integral method for the determination of rate constants. If F = 0.95 is in error by 1% then the factor (1 − F)/F in Eq. (17) and with it the life time τ is wrong by 20%. However, the increase of line width ∆ν exch 1/2 for reactions (22) is less than 0.02 Hz and the line shape method is certainly not applicable.
Discussion
Reaction (22a) is a diffusion controlled reaction. Its rate constant has been determined by Eigen and Schön [10] 
of the association complexes experience a deuteron exchange during the lifetime of the complex. The large majority of the association complexes dissociates without change of the NMR state of the methyl protons.
Conclusion
The determination of kinetic rate constants using the proposed integral technique is much more precise than the NMR line shape method with weakly broadened lines. The time range of applicability with the integral method compared with the line shape technique is increased by about one order of magnitude with slow and even more, depending on the chemical shift, with fast exchange. The determination of T 2 relaxation times using the integral technique will be useful especially with multiline spectra and with low concentrated samples.
The sum over the integrals δI pi is (A7)
Therefore not only I n but also I p are independent of the inhomogeneity of the magnet. While Eq. (A4) is valid also for systems with chemical exchange, I p is then given by (A8) The errors produced by finite integration ranges cancel in the quotients of Eqs. (13) and (14).
Derivation of Eq. (17)
The integral over the normal spectrum with chemical exchange is proportional to the product of the line width and the amplitude A exch .
(A9) I 
The ratio of (A12) and (A13) is: Equation (17) is valid only for Lorentzian curves. These, however, are also observed in systems reacting with exchange rates in the near intermediate range.
